Although vitamin D receptor (VDR) is highly expressed in the intestine, the role of VDR signaling in the gut is not fully understood. Our recent studies unveil a regulatory circuit that centers gut epithelial VDR as a key molecule in the control of mucosal inflammation and colitis development. On the one hand, intestinal epithelial VDR signaling protects the integrity of the mucosal barrier by inhibiting inflammation-induced epithelial cell apoptosis. This barrier-protecting, anti-colitic activity is independent of the non-epithelial immune VDR actions. A healthy and intact mucosal barrier prevents bacterial invasion and thus reduces mucosal inflammation. On the other hand, inflammation in turn down-regulates epithelial VDR expression by inducing VDR-targeting microRNA-346, thus compromising mucosal barrier functions. Consistently, colonic epithelial VDR levels are markedly reduced in patients with inflammatory bowel diseases or in experimental colitis models, whereas vitamin D analog therapy that ameliorates colitis up-regulates epithelial VDR. Thus, gut epithelial VDR signaling appears to play an essential role in controlling mucosal inflammation and thus could be a useful therapeutic target in the management of inflammatory bowel diseases.
Introduction
The gut, particularly the large intestine, contains an enormous amount of commensal bacteria and other immuno-activating substances in the lumen that can cause mucosal inflammation once invading the lamina propria, where the immuno-activating components of the bacteria activate the immune cells. The gut mucosal epithelial barrier separates the body from the luminal microorganisms and inflammatory and toxic substances. This mucosal barrier consists of a monolayer of epithelial cells with intercellular junctions formed between adjacent cells that seal the paracellular space and regulate permeability of the barrier [1] . Dysfunction of the barrier leads to increased translocation of luminal substances to the lamina propria, triggering inflammatory response [2; 3] . In fact, impaired gut mucosal barrier is a significant pathogenic factor for inflammatory bowel diseases (IBD) [4] , the major inflammatory disorders in the gastrointestinal tract in humans that include ulcerative colitis (UC) and Crohn's disease (CD). Mucosal inflammation results in excess production of pro-inflammatory cytokines that can in turn increase mucosal permeability by altering intercellular tight junction structure and induce apoptosis of intestinal epithelial cells (IEC) [4; 5] . Excess IEC apoptosis causes focal disruption of the mucosal barrier independent of the tight junction. Indeed, increased IEC apoptosis has been reported in patients with UC and CD [6; 7; 8] as well as in murine models of colitis [9; 10] . This vicious cycle of mucosal events drives chronic mucosal inflammation and promotes the development of colitis.
Vitamin D hormone is a pleiotropic hormone that has a broad range of biological activities [11] . Vitamin D is converted to the active metabolite 1,25-dihydroxyvitamin D (1,25(OH) 2 D 3 ) via two steps of hydroxylation in the liver and kidney, and the latter is catalyzed by Cyp27B1, a rate-limiting hydroxylase. Cyp27B1 is also expressed in extrarenal tissues, including the intestine, to drive local production of 1,25(OH) 2 D 3 . Interestingly, colonic Cyp27B1 expression is influenced by Toll-like receptor activation and colonic inflammation [12; 13] , but the significance is unclear.
A growing body of epidemiological data has documented an association between vitamin Ddeficiency and increased risk of IBD [14; 15; 16] , including both CD and UC [17; 18; 19; 20; 21; 22; 23; 24] . A high prevalence of vitamin D deficiency was reported in patients with established as well as newly diagnosed IBD [25; 26; 27] . Vitamin D-deficiency is independently associated with lower quality of life and greater disease activity in IBD [28] . Higher vitamin D status is associated with lowered risk of CD [29] . These observations suggest that vitamin D status might be an environmental determinant for IBD.
The biological activity of 1,25(OH) 2 D 3 is mediated by the vitamin D receptor (VDR), a member of the nuclear hormone receptor superfamily [30] . VDR is abundantly expressed in the intestine. The classic action of the VDR in the small intestine is to regulate transcellular calcium transport, but its role in the large intestine is less clear. Our recent studies reveal a regulatory circuit that centers gut epithelial VDR as a key molecule in the control of mucosal inflammation and colitis development, suggesting that VDR status might be a key genetic factor influencing IBD development. In this article we summarize these studies.
Potent Anti-colitic Activity of Intestinal Epithelial VDR Signaling
We and other groups have reported that global VDR deletion increases mucosal injury that lead to high mortality in dextran sulfate sodium (DSS)-induced experimental colitis model [31; 32; 33] . In this model VDR -/-mice showed markedly reduced colonic transepithelial electrical resistance (TER), an indicator of epithelial barrier integrity, before colonic histological abnormalities were seen, suggesting an important role of VDR signaling in maintaining the integrity of the mucosal barrier. Cantorna's group also showed that VDR -/-/ IL-10 -/-mice developed more severe colitis and higher mortality than VDR +/+ /IL-10 -/-mice [34] . These observations, however, could not distinguish the relative contribution of epithelial versus immune VDR signaling in the regulation of mucosal inflammation. Therefore, recently we used a transgenic (Tg) approach to specifically address the role of gut epithelial VDR in the pathogenesis of colitis [35] , and we discuss this study in detail below.
We used the 12.4 kb villin promoter [36] to target a FLAG-tagged human (h) VDR transgene [37] to the IECs in a C57BL/6 background. The resultant Tg mice exhibited 2-to 3-fold increase in VDR expression throughout the intestinal epithelia relative to wild-type (WT) control mice, but the hVDR transgene had no obvious effects on the morphology or cellular proliferation of the intestine. One striking phenotype of these Tg mice is that they are extremely resistant to colitis. We examined these mice using a number of colitis models, including DSS-induced colitis model, 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis model, adoptive T cell transfer model of chronic colitis and IL-10-deficient spontaneous colitis model, and without exception, in all these models the Tg mice exhibited markedly attenuated mucosal inflammation and reduced mucosal injury at morphological and histological levels compared to WT mice. The disease symptoms of the Tg mice were much less severe than the WT controls [35] . We chose to test the Tg mice in different colitis models because none of the mouse colitis models currently used in the field can completely recapitulate all the features of IBD in humans. Among these models, the DSS model resembles human ulcerative colitis with respect to loss of barrier function [38] , and the TNBS model is thought to resemble Crohn's disease because it involves T H 1-mediated mucosal inflammation [39] . The adoptive T cell transfer model, which involves transfer of naïve CD4 + CD45RB high T cells into a Rag1 -/-background, is believed to best recapitulate the clinical and histological characteristics of human IBD [40; 41] . This method was also used by Cantorna's group to study colitis development in VDR -/-mice [34] . IL-10 -/-mice develop spontaneous chronic intestinal inflammation due to aberrant immune response [42; 43] , a model widely used in colitis research. Based on data from these colitis models, we can conclude with strong confidence that the intestinal epithelial VDR signaling inhibits mucosal inflammation and protects against colitis.
Rescue of Severe Colitis Phenotype of VDR-null Mice with the hVDR Transgene
We previously showed that VDR -/-mice developed severe colitis and high mortality in the DSS model [32] , but because of the global deletion of the VDR gene, the role that the epithelial and non-epithelial VDR plays in colitis development is unknown. We reasoned that, if the anti-colitic activity of the epithelial VDR is a primary and essential protective mechanism, then reconstitution of the gut epithelial cells in VDR -/-mice with the hVDR transgene should be able to prevent or attenuate the severe colitic phenotype seen in VDR -/-mice. Indeed, when we introduced the hVDR transgene to the VDR -/-gut epithelial cells through breeding of villin-hVDR Tg mice and VDR -/-mice, the modified VDR -/-mice with hVDR expressed only in the IECs behaved almost like the Tg mice in TNBS and DSS models and were highly resistant to colitis, whereas the parental VDR -/-mice developed very severe colitis and most died within a few days into the experiment [35] . Therefore, even though VDR -/-mice have a hyper-responsive immune system as we had reported [44] , restoring of epithelial VDR signaling is sufficient to inhibit mucosal inflammation and block colitis development. These observations confirm a critical and predominant role of the epithelial VDR signaling in preventing mucosal inflammation that is independent of VDR activities originated from the non-epithelial immune system.
Mucosal Barrier-Protecting Mechanism of Intestinal Epithelial VDR Signaling
In IBD colonic mucosal permeability is usually increased before clinical symptoms or histological damage are developed. We observed that, in contrast to WT controls, the colonic mucosal transepithelial electrical resistance (TER), an indicator of mucosal permeability, was well preserved in the villin-hVDR Tg mice in the early stage of colitis [35] , indicating that epithelial hVDR signaling protects the integrity of the mucosal epithelial barrier. Increased apoptosis in gut epithelial cells is a leading cause of elevated mucosal permeability. In fact, TNF-α and IFN-γ, two cytokines critical to IBD pathogenesis, induce IEC apoptosis [5] . We observed that, whereas VDR +/+ and VDR -/-mice exhibited abundant apoptotic epithelial cells in colitis models, the hVDR transgene markedly reduced IEC apoptosis in either VDR +/+ or VDR -/-background. Consistently, the hVDR transgene also suppressed caspase 3 activation and down-regulated the expression of p53-upregulated modulator of apoptosis (PUMA), a key mediator of IEC apoptosis in IBD [45] . PUMA is a BH-3 domain pro-apoptotic Bcl-2 family member that interacts with anti-apoptotic Bcl-2 family members to activate pro-apoptotic Bax and Bak and trigger mitochondrial dysfunction. This results in the release of several apoptogenic mitochondrial proteins such as cytochrome c, leading to caspase activation and cell death [46] .
In the colon PUMA is transcriptionally induced by NF-κB in a p53-independent manner to mediate TNFα-induced apoptosis [47; 45] . We have shown that 1,25(OH) 2 D 3 suppresses TNFα-induced NF-κB activity [48] , and ligand-activated VDR blocks NF-κB activation by directly interacting with IKKβ [44] . We confirmed that in human colonic cancer cells 1,25(OH) 2 D 3 attenuated TNFα-induced PUMA expression by blocking NF-κB binding to the PUMA gene promoter. Furthermore, we observed that intestinal epithelial hVDR overexpression in the transgenic mice markedly suppressed colonic mucosal IKK kinase activity induced during colitis development, concomitant with the blockade of mucosal caspase 3 activation and PUMA induction [35] . These data demonstrate that intestinal epithelial VDR signaling plays a key role in maintaining mucosal barrier integrity by suppressing IEC apoptosis, thus suppressing mucosal inflammation.
Reduced Colonic Epithelial VDR in IBD Patients
Given the mucosal barrier-protecting role for VDR, it is conceivable that epithelial VDR reduction increases the risk of mucosal barrier dysfunction and promotes mucosal inflammation. Indeed, we found that epithelial VDR levels are substantially reduced in patients with IBD [35; 49] . We examined the VDR status in colonic biopsies from both CD and UC patients in comparison with normal colon samples in two cohorts, one from Chicago, USA and the other from Shenyang, China. In the Chinese cohorts we were able to compare biopsies from lesions and adjacent normal tissues within the same patients. Immunostaining, Western blotting and cDNA microarray data all showed that VDR levels were reduced by >50% in the lesion, whereas pro-inflammatory cytokines (such as TNFα and IL-1β) were elevated. This observation suggests that local inflammation might have a repressive effect on epithelial VDR expression.
MicroRNA-mediated Mechanism for Inflammation-induced VDR Downregulation
Based on the animal and human data we reasoned that epithelial VDR reduction likely compromises the gut mucosal barrier and contributes to the development of IBD. Therefore, it is important to understand the molecular mechanism underlying the down-regulation of epithelial VDR in colitis. To test the hypothesis that inflammation down-regulates VDR expression, we examined the effect of several pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) on VDR expression in colon cancer cells, and found that TNF-α can suppress VDR by about 50-60% [49] , a decrease similar to what is seen in IBD patients [35] . This result is very relevant because TNF-α is a major inflammatory cytokine involved in the pathogenesis of IBD, and anti-TNF therapy is widely used in IBD management [50; 51] .
Interestingly, we found that, while down-regulating VDR, TNF-α concomitantly induced miR-346 and miR-125b. MicroRNAs (miRNAs) are naturally occurring small non-coding RNAs that control target genes by translational repression or mRNA degradation [52; 53] . Previous studies showed that miR-125b targets VDR [54] . By in silico analysis we identified a putative binding site for miR-346 within the 3′ untranslated region (UTR) of hVDR transcript. Therefore, TNF-α might suppress VDR via inducing miR-346 and/or miR-125b. However, using miRNA hairpin inhibitors to inhibit miR-125b or miR-346, we concluded that miR-346, not miR-125b, likely mediates the repressive effect of TNF-α on VDR expression.
We went on to confirm that miR-346 indeed directly targets VDR via the target site within its 3′UTR [49] . In fact, the target sequence for human and mouse miR-346s are highly conserved within mouse and human VDR 3′UTR, respectively. In cell culture, miR-346 oligo mimic could substantially reduce hVDR expression (by >50%) as well as VDR transactivating activity. The specific target site in the 3′UTR was required to mediate the suppression of VDR by miR-346, and the activity was disrupted when the 3′UTR target site was mutated. These data demonstrate that VDR is a direct target of miR-346.
We also assessed the relevance of the regulatory relationship among colonic inflammation, miR-346 and epithelial VDR in IBD patients as well as in experimental colitis models. Human UC lesion biopsies contained massive infiltration of CD4 + and CD11b + cells as well as TNF-α-producing cells in the lamina propria. TNF-α and miR-346 expression was dramatically induced, whereas VDR expression decreased by >50%, relative to adjacent normal tissues. In IL-10 -/-mice with spontaneous colitis, colonic mucosal VDR levels were dramatically reduced. In TNBS-induced colitis model, colonic mucosal VDR levels gradually decreased with the progression of mucosal inflammation, which was accompanied by a dramatic induction of TNF-α and miR-346 in the mucosa during this period [49] . These observations are consistent with the conclusion that TNF-α down-regulates VDR via inducing miR-346.
Discussion and Conclusion
Taken together, our recent studies unveil a critical role of intestinal epithelial VDR in the regulation of mucosal inflammation. Whereas the VDR signalling maintains the integrity of the mucosal barrier by inhibiting inflammation-induced apoptosis of intestinal epithelial cells, VDR abundance is influenced by mucosal inflammation in turn, as its expression is down-regulated by mucosal pro-inflammatory cytokines. Thus, epithelial VDR appears to be a central molecule in a regulatory circuit controlling mucosal inflammation (Figure 1 ). Reduction in intestinal epithelial VDR levels promotes mucosal inflammation and likely increases the risk of colitis, whereas raising epithelial VDR levels by vitamin D analogue therapy or by anti-TNF therapy might have important therapeutic value in the management of IBD. In fact, vitamin D hormone not only can induce VDR expression [55] , but also suppresses TNF-α production [44] . Thus in theory vitamin D therapy can shift the balance to favor inhibition of inflammation and blockade of IEC apoptosis. This could be a mechanism by which vitamin D therapy ameliorates IBD.
Our studies suggest that the epithelial VDR signaling may function as a primary defense mechanism to suppress colonic inflammation by protecting the mucosal barrier. However, as a pleotropic hormone vitamin D-VDR signaling may regulate mucosal inflammation in multiple ways. For example, vitamin D could influence colonic commensal bacterial profiles through regulation of anti-microbial peptides [56; 57; 58] . Epithelial VDR signaling may also regulate autophagy, another molecular event that has been implicated in IBD [59; 60; 61] . Finally, as a well-known immune regulatory factor, vitamin D-VDR signaling can certainly control mucosal inflammation by regulating the immune system [62; 63] . Therefore, it is conceivable that the anti-colitic mechanism of epithelial VDR signaling could be multifactorial and not limited to the regulation of barrier function. Epithelial VDR is a key player in a mucosal regulatory circuit. Whereas VDR signaling maintains the integrity of the mucosal barrier by inhibiting inflammation-induced IEC apoptosis, VDR itself is down-regulated by mucosal inflammation. Thus increasing epithelial VDR levels might be valuable therapeutic strategy for the management of IBD. The cells illustrated here represent the major cell types that participate in the process of colonic inflammation. 
